Autopsy specimens are often used in molecular biological studies of disease pathophysiology. However, few analyses have focused specifically on postmortem changes in skeletal muscles, and almost all of those investigate protein or metabolic changes. While some structural and enzymatic changes have been described, the sequence of transcriptional events associated with these remains unclear. We analyzed a series of new and pre-existing human skeletal muscle datasets on ~ 12,500 genes and ESTs generated by the Affymetrix U95Av2 GeneChips from seven autopsy and seven surgical specimens. Remarkably, postmortem specimens (up to 46 hours) revealed a significant and prominent up-regulation of transcripts involved with protein biosynthesis.
Introduction
Cellular changes occurring in postmortem muscle have been the subject of several studies, as they have a significant impact in clinical research and forensic science.
Structural, metabolic and other protein changes have been investigated using primarily electron microscopy, histochemistry and sodium dodecylsulfate polyacrylamide gel electrophoresis in a range of different species, and to a lesser extent, in human skeletal and cardiac muscle (5, 7, 14, 41) . Some key postmortem changes include the accumulation of toxins, ischemia or anoxia, alteration of pH, membrane damage with diffusion, disruption of homeostasis and eventually cessation of cellular biosynthetic activity. More specifically, anoxia leads to accumulation of lactic acid, which in turn decreases the tissue pH with increasing postmortem interval. The cellular pH is important in determining the level of activity of specific subsets of proteases and consequently the level of protein degradation (31). The integrity of the plasma membrane has also been shown to be compromised after death, thus allowing the diffusion of ions in and out of the cell (42). The increase of intracellular ion levels, and especially of Ca of storage, while creatine phosphokinase activity decreased linearly with time (30).
Glycogen has been shown to degrade rapidly after death, while glucose and lactate concentrations increase (7). At the transcriptional level a small number of individual genes have been studied in autopsy of heart and/or skeletal muscle, predominantly in the context of heart disease (20, 38, 50) . However, the sequence of transcriptional events that occur postmortem remains unclear.
Several microarray-based studies of gene expression in normal and diseased states have been performed on human skeletal muscles obtained at biopsy or autopsy (4, 11, 23, 24, 36, 40 ) and on murine skeletal muscle obtained immediately postmortem (33, 35, 40, 43) . These studies identified a number of genes in various functional categories that are differentially expressed in the disease states, suggesting that major alterations in tissue have far-reaching consequences for gene expression. Skeletal muscle tissue obtained at autopsy would be expected to have similarly extensive changes compared to tissue obtained at biopsy. However, no gene expression studies addressing this particular issue have been published to date, either in humans or mice.
We studied seven autopsy and seven surgical human skeletal muscle specimens using oligonucleotide Affymetrix GeneChip arrays (U95Av2) that contain representative sequences from over 12,000 known genes and expressed sequence tags (ESTs). The datasets from twelve of these fourteen samples have been previously published as part of the normal control baseline in a study on nemaline myopathy (36). In that study, significant disease related gene expression changes were identified, particularly in the glycolytic energy metabolism pathway (decreased), in connective tissue related genes (increased) and muscle satellite cells (increased). The aim of the current study was to understand gene expression changes that occur in normal human muscle postmortem, and to relate these to histological reports and previous studies at the protein and metabolic levels. Remarkably, our findings provide evidence for a very active transcriptional phase in skeletal muscle during the first 46 hours postmortem. Although these tissues are clearly subject to ischemia and hypoxia, genes for only some components of the ischemia and hypoxia-response pathways are transcriptionally up-regulated under these conditions. These data provide an important baseline for future studies of diseased muscle obtained surgically and at various port mortem intervals.
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Materials and methods

Human samples and microarray experiments
Affymetrix GeneChip datasets from twelve snap frozen skeletal muscle specimens, from individuals unaffected by muscle disease (surgical: T142, T146, T147,   T172, T180, T181; autopsy: T149, T160, T170, T177, T178, T179 ) were generated as previously described (36). Two additional skeletal muscle specimens were prepared specifically for this study (T256 -surgical 38y/female, and T289 -autopsy 1y/male).
The postmortem interval of the autopsy specimens ranged between 11 and 46 hours (Table 1) . Tissue was most commonly obtained from the quadriceps, but other muscles are also represented (Table 1 ). An effort was made to match the ages of the individuals whose specimens were used. Three surgical and three autopsy specimens were from children younger than 4 years, while four surgical and four autopsy specimens were from adults older than 37 years. All samples were obtained under institutionally approved human subjects protocols.
RNA extraction (6-8 mg from each tissue sample), target preparation, and hybridization to Affymetrix U95Av2 GeneChips, were performed as previously described (36). The U95Av2 GeneChip contains 12,626 annotated genes and ESTs. The data are available at the Gene Expression Omnibus website under the series number GSE595 (1).
Data Analysis
The datasets originating from the 14 specimens were first processed by the Affymetrix MAS5.0 software, and signal values (reflecting expression levels) and "present/absent" calls (an Affymetrix computed measure representing confidence in gene expression presence) were computed for each probe set. The signal values were not normalized at this stage, although signal values were adjusted to an overall target intensity of 1,500. The correlation coefficients (r) were calculated for all 14 dataset pair wise comparisons.
For hierarchical clustering, we used average linkage as previously described, with centered linear correlation as a measure of similarity (22). This approach clusters both specimens and probe sets on two different axes. The selected filters removed probe sets with an "absent" call across all 14 samples or a standard deviation (SD) < 1,000. The SD filter is applied to facilitate the clustering of samples, by removing probe sets with very similar expression across all samples that are therefore likely to act as noise in the specific type of analysis. The resulting 2,116 probe sets were processed using the Cluster and TreeView Software (21).
A permutation analysis was performed to evaluate the robustness of the sample clustering. Hierarchical clustering was run seven additional times, each time removing one randomly chosen dataset from each of the two main clusters that were originally identified (autopsy and surgical). Thus, two different datasets were removed for each of the seven permutations.
Significance analysis of microarrays (SAM) was used to identify significant fold changes between autopsy and surgical specimens as described (44) . Prior to this analysis all datasets were normalized to a slope of 1 with a reference dataset. The reference dataset was created by taking the average expression of each probe set between the two datasets (one autopsy and one surgical) with the highest average correlation coefficient to all other datasets in their group (i.e. within the autopsy or surgical sample group respectively). A two-class unpaired data analysis was performed using a D threshold of 1.72 (the D parameter as described by Tusher et al (44) , enables the user to examine the effect of the false positive rate in determining significance) and a fold threshold of 2 [where fold is calculated as (average expression in autopsy specimens) / (average expression in surgical specimens)]. Probe sets were considered significantly changed in autopsy compared to surgical samples if they were selected at false discovery rate (FDR) cutoff of < 1.66%.
The SAM analysis was repeated using only quadriceps-derived specimens (n = 9), to control for muscle type dependent changes. The list of significantly changed genes in autopsy versus surgical quadriceps samples was highly similar to the list obtained for all 14 specimens, with the same functional categories showing significant change (<3% size variation between them) and approximately 50% overlap between individual probe sets.
The high correlation seen between specimens of different muscle types by hierarchical clustering (Figure 1 ) and correlation coefficient analysis (r = 0.84-0.98), together with the high similarity in the significantly changed molecular pathways in all 14 specimens
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Correlation coefficient analysis was used to identify probe sets with high r values and therefore similar expression patterns across all 14 datasets. This analysis was applied to the un-normalized signal values of all probe sets with unknown molecular functions that were significantly changed between autopsy and surgical specimens. The correlation coefficients against all 12,626 probe sets on U95Av2 GeneChips were calculated and a cutoff of > 0.900 was applied to select for highly correlated probe sets.
Supplementary Tables (labeled Tables S1 and S2 ), containing complete results of the SAM and the correlation coefficient analyses, are available online at the Physiological Genomics web site and at http://www.chb-genomics.org/beggslab/.
Results
Quality controls were applied to ensure that the RNA from both surgical and autopsy specimens was equally intact. These steps included visual evaluation of the total RNA sizes by agarose gel electrophoresis and assessment of the cRNA amount hybridized to the GeneChips by comparison of the measurements obtained for probe sets representative of 5' and 3' ends of control genes. All samples had an A260/280 absorbance ratio between 1.9 and 2.1 as measured on the spectrophotometer. The band intensity ratio for 28S to 18S rRNA was close to two as seen on the agarose gels, and signal ratios below two for 5' versus 3' probe sets for beta-actin and glyceraldehydes-3- The SAM program was used on the 14 normalized datasets to identify significant transcriptional differences between surgical and autopsy specimens. One hundred forty probe sets were identified as significantly over-expressed (FDR < 1.66%) in autopsy versus surgical samples (Supplementary Table S1 ). None of the down-regulated probe sets were considered significantly changed at this FDR cutoff. The fold change of the upregulated probe sets ranged between the selected lower cutoff of 2-fold [seen for the genes: tubulin specific chaperone E (TBCE), eukaryotic translation initiation factor 3, subunit 6 (EIF3S6) and S-adenosylmethionine decarboxylase 1 (AMD1)] and 27.33-fold Table S1 ). Of the seven functional categories, some had major distinct sub-groups, which are represented in Figure 2 . Genes with more than one molecular function were placed under all relevant functional categories. The metabolism related genes were predominantly involved in protein metabolism such as biosynthesis (n=9), protein targeting / modification (n=7) and proteolysis (n=5), amine metabolism (n=4) and nucleic acid metabolism (n=4). Although GO usually classifies transcription under nucleic acid metabolism, we have created a separate group, due to their large number, to include all transcription related probe sets. The majority of cell cycle related genes were associated with cell cycle arrest (n=6) and regulation (n=7), and a small number were M-or S-phase related (n=2 and 5 respectively). The cell cycle category had the highest average fold change (4-fold) compared to all other categories, with cell cycle regulation and arrest showing the highest fold changes in their category. Several cytoskeleton related (n=8) and metal ion binding probe sets (n=5) were also significantly up-regulated, but due to the small size of these groups they were classified under "Other".
The 125 known genes showing significant over-expression were further analyzed with Osprey (6) in order to identify possible networks of interaction with other genes.
Osprey generates gene interaction networks based on information retrieved by the General Repository for Interaction Datasets (The GRID, (2)), which in turn compiles gene annotations provided by the Sacharomyces Genome Database (SGD, (3) ). Four interaction networks with three or more interactions with known genes were identified through this analysis (Figure 3 ). They were associated with the significantly changed genes: CCAAT-box-binding transcription factor (CBF2), similar to S. cerevisiae Sec6p and R. norvegicus rsec6 (SEC6), sin3-associated polypeptide 30kDa (SAP30), and RAD51 homolog (RecA homolog, E. coli) (S. cerevisiae) (RAD51). Each network contained between 5 and 24 known genes. Based on GO annotations, all of these genes are involved in cell growth and maintenance, and the majority also has a metabolic role (Figure 3) . More specifically, all CBF2 interacting genes were cell cycle related, all SEC6 interacting genes were metabolism related, with 4/6 genes also involved in protein transport, and 6/7 SAP30 interacting genes were metabolism and/or transcription related.
The RAD51 network consisted of at least 24 known genes, of which 20 were metabolism related (nucleic acid metabolism= 9 genes and protein degradation= 3), and 6 were transport related. The majority of these interactions have been identified by affinity precipitation, a few of them by synthetic lethality, and five of them by the yeast two hybrid experimental system. Of the 38 genes identified by Osprey only five had representative probe sets on the U95Av2 GeneChips, and none of them were significantly changed or highly correlated, at the transcriptional level, with the four central genes in these networks (r range -0.62 to +0.58). The fold changes for the five genes ranged between -1.61 (RAD52) and +4.00 (CPA2), with RAD52 and CPA2 being the only two genes exceeding the >1.5 fold cutoff.
The 15 significantly up-regulated probe sets of unknown molecular function were further studied by correlation coefficient analysis against all 12,626 probe sets. Twelve of the probe sets correlated to one or more probe sets by r > 0.900 (Supplementary Table   S2 ). When the top 50 correlations for each of the unknown probe sets were considered, a large number of them coincided with the 125 known genes identified above. The number of correlations to known genes per unknown probe set ranged between 30/50 (38683_s_at) and 7/50 (34739_at and 32835_at) (Supplementary Table S2 ).
Discussion
Human skeletal muscle specimens obtained at autopsy are often used for diagnostic or research purposes. Previous studies have analyzed the structural and biochemical changes that occur in postmortem tissue, yet molecular alterations, including those involving gene expression, have only been examined for a handful of genes. This study is the first to describe large-scale differences in gene expression between human skeletal muscle obtained at autopsy and biopsy.
Hierarchical clustering and correlation coefficient analysis enabled us to perform a primary global analysis of the 14 datasets. These analyses classified the specimens into autopsy and biopsy dominant clusters (Figure 1) , consistent with the slightly higher intragroup (r = 0.83-0.98) than inter-group (r = 0.79-0.96) coefficient values. However, two samples, T172 and T289, clustered in the "wrong" category. There were no features unique to these two samples that could account for their misclassification. T172
represented the oldest individual in the biopsy group, but several subjects in the autopsy group were older. T289 had the longest postmortem interval, but another sample was nearly as old. Both sample sites were quadriceps, the most common site from which muscle was obtained for this study.
Overall, the similarities within each class of specimens outweigh the similarities between classes. Although previous studies on bovine muscle have suggested that postmortem degradation of certain proteins was slower in older animals (25), age did not play a role in the clustering of our 14 specimens. A potential limitation of this study is the heterogeneity of muscle sampling sites. The scarcity of control muscle samples precluded an analysis of this size involving only one muscle type. However, the predominance of quadriceps samples and the clustering of all the non-quadriceps samples in the "correct" category (autopsy versus biopsy) indicate that the heterogeneity of our samples did not have a significant impact on our results. Moreover, an independent analysis of quadriceps specimens alone yielded highly similar results (data not shown). Specific transcriptional differences between the autopsy and surgical specimens were identified. The 140 probe sets with significant differences at an FDR of < 1.66%
were grouped into seven functional categories based on GO annotations. The highest fold changes were seen in the cell cycle related category, including genes involved in cell cycle regulation and cell cycle arrest (Supplementary Table S1 ). Over-expression of multiple apoptosis related probe sets was also observed. Some examples include GADD45A (7.23 fold change), which participates in cell cycle arrest but also responds to environmental stress and leads to apoptosis via the p38/JNK pathway, and NFKBIA (2.24 fold), which can lead to apoptosis by forming a complex with p53 or inducing the activation of caspase-3 (8, 10, 39). Caspase-3 cleaves and activates the up-regulated STK3 (seen up-regulated by 2.18 fold), which in turn contributes to the apoptotic response (19) . Another over-expressed gene, MYC (3.58, 2.3 and 2.22 fold, for probe sets 37724_at, 1973_s_at and 1936_s_at respectively), has been shown to regulate the switch from cytostatic to apoptotic p53-dependent cellular response, by inhibiting p53 from activating p21 (CIP1) (37). Overall, autopsy skeletal muscle displays alterations in several different cell cycle and apoptosis related pathways in response to the multiple and complex cell environment changes.
As might be expected in light of the overall process, genes involved in proteolysis appear to be up-regulated in autopsy specimens (Supplementary Table S1), a finding that contrasts with observations on injured or intermittently hypoxic muscle samples (12, 49).
One of the multiple roles of proteolysis is the regulation of apoptosis (28), achieved by the proteolytic activation of a range of key apoptotic pathway members (Figure 4) (45) . At least two of the apoptosis related genes over-expressed in our analysis (STK3, 2.18 fold and GADD45A, 7.23 fold) are known to undergo proteolytic activation (19, 29) . Two additional proteolysis-associated genes (PA2G4, 2.08 fold, and PSMD8, 2.47 fold for 32584_at and 2.16 fold for 1312_at) are thought to be involved in cell cycle regulation. Furthermore, proteolysis is important for cellular homeostasis by maintaining protein concentrations at optimal levels. The up-regulation of certain proteolytic pathways might therefore be expected given the apparent increase in protein biosynthesis that is suggested by the over-expression of nine related probe sets (fold change range 2.00-7.23) (Supplementary Table S1 ). Consistent with elevated protein synthesis, multiple protein modification and protein targeting related genes were also over-expressed (fold change range 2.02-2.58). What appears to be transcriptional evidence for a potential increase in In association with this up-regulation of cell cycle and apoptotic, proteolytic, and antioxidant-related transcripts, two DNA repair genes (GADD45A, 7.23 fold and RAD51, 3.90 fold) are also induced, suggesting a coordinated cellular response involving multiple pathways (Figure 4) . RAD51 has multiple interactions at the protein level with metabolic (especially nucleic acid metabolism) and cell cycle genes, as revealed by the interaction network analysis performed based on the SGD (Figure 3) (3) . We hypothesize that the DNA damage induced postmortem triggers the expression of DNA repair genes such as RAD51, which in turn stimulate a range of intracellular cascades including cell cycle regulators (17) . At least parts of these cascades are likely to be regulated at the protein level as suggested by the interaction networks and the absence of high correlation between the transcription patterns of these genes. Accordingly, fourteen cell cycle regulation, G1/S, S and G2/M phase related genes were over-expressed in autopsy skeletal muscle (fold range 2.04 to 27.33) ( Supplementary Table S1 ), and multiple members of the CBF2 and SEC6 interaction networks have roles in the cell cycle ( Figure   3 ). Increased expression of cell cycle genes has also been described in relation to cardiotoxin-induced muscle injury (49) . Additional gene expression changes in injured muscle have been reported for DNA replication factors, cyclins, Rb/E2f/DP and myogenic transcription factors, as well as structural and receptor proteins (49) . Five of these genes had a >1.5 fold change (CDKN1A, CHRNA1, IFG2, PEG3, VEGF and CDKN1C) but none of them appeared significantly changed in our postmortem specimens.
Unlike previous studies on autopsy muscle specimens, no highly significant (for our thresholds) expression changes were seen for genes related to energy metabolism, muscle structure, Ca 2+ homeostasis or Ca 2+ dependent proteases such as previously described at the histochemical level (5, 7, 30, 41, 48) . There were also no significant changes in stress proteins (heat shock proteins), which are usually synthesized in response to muscle injury (13). This apparent disparity may be due in part to different postmortem time points used in these studies, differences between transcript and protein level/activation as well as the highly stringent criteria applied to selection of "significantly changed" probe sets in the present study.
Intermittent and chronic hypoxia in skeletal muscle have been shown to affect cellular processes such as the increase of type 1 myosin heavy chain, the increased activity of Krebs cycle and the decrease of lactate dehydrogenase (12, 34). Exercise under hypoxic conditions activated the hypoxia-inducible factor 1 (HIF1) and seemed to influence the expression of the vascular endothelial growth factor (VEGF), myoglobin (MB), and phosphofructokinase (PFK) (46) . No significant gene expression changes were evident for these pathways in our analysis, but HIF1A and VEGF had a >1.6 fold increase, and phosphofructokinase in yeast has been shown to interact with the RAD51 protein which was up-regulated 3.9 fold in our analysis (Figure 3 
Figure 2
The main functional categories showing significant over-expression in autopsy specimens as determined by SAM. Functional categorization of the genes was based on the GO annotations (see color key on the right).
Figure 3
Interaction networks of four significantly changed genes as identified by Osprey. Each gene known to interact with the four up-regulated genes (appearing in the core of each network) is indicated by an arrow, and is functionally categorized based on the GO annotations (see color key at the bottom). The direction of the arrow indicates which protein has been shown to bind another.
Figure 4
Cellular pathways triggered by ischemia and hypoxia, such as seen in autopsy skeletal muscle specimens. Areas shaded gray represent processes with significant gene expression differences between surgical and autopsy specimens, as determined by SAM. 
